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Norwegian Geotechnical Institute   Norwegian Geotechnical Institute 






Society requires increasingly that the hazard and risk associated with engineered constructions be quantified. The paper presents ge-
otechnical hazard assessment in the context of a risk framework. Concepts of uncertainties, reliability, safety and risk are briefly re-
viewed. The use of the approach is exemplified for offshore facilities, including a piled foundation, a gravity foundation, a jack-up 
structure and underwater slopes. The applications demonstrate that probabilistic analyses complement the conventional deterministic 
safety factor and deformation-based analyses, and contribute to achieving a safer and optimum design. The conclusions emphasize the 
usefulness of a risk assessment, the importance of engineering judgment in the assessment and the need for involving multi-
disciplinary competences to achieve reliable estimates of hazard and risk. The profession can only gain by implementing more sys-





Society and regulations require that the hazard and risk asso-
ciated with engineered structures be quantified. ISO 31000 
(2009) defines risk as the Risk is the effect of uncertainty on 
the objectives. Statistics, hazard analysis and risk assessment 
are tools that can account for uncertainties in a design. The 
probabilistic approach provides, for example, a rational 
framework for taking into account the uncertainties in an 
engineering design and evaluating the probability of non-
performance or failure. The analyses contribute to decision-
making and contingency planning or the management of risk. 
The paper presents hazard assessment in the context of a risk 
management. The main objective of the paper is to present 
the application of the probabilistic approach to offshore facil-
ities in practice. The examples include piled and gravity 
foundations, a jack-up structure and underwater slopes  
 
RISK ASSESSMENT AND MANAGEMENT 
 
Failures can be due to the occurrence of an extreme value of a 
single parameter, a combination of small variations in several 
parameters or as design or construction error. Most often failures 
occur due to a combination of factors. Working with uncertainty 
is an inherent aspect of engineering. The challenge is to reduce 
hazard and risk to population, society and environment, and to 
ensure this through appropriate practice codes.  
 
Several risk frameworks have been proposed, e.g. AGS 2000; 
Aleotti and Chowdhury 1999; Dai et al 2002; Einstein 1988; Fell 
1994; Fell and Hartford 1997; Fell et al 2005; GEO 1998; Ho 
et al 2000; IUGS 1997; Lee and Jones 2004; Morgenstern 1997; 
Nadim and Lacasse 2003; Roberds 2001; Varnes 1984; Whitman 
1984; Wu et al 1996. The frameworks aim at answering seven 
questions (Ho et al 2000; Lee & Jones 2004): 
 
1. What are the dangers? [Danger Identification] 
2. What is the magnitude and frequency of the danger? [Haz-
ard Assessment] 
3. What are the elements at risk? [Element Identification] 
4. What is the degree of damage to the elements at risk? [Vul-
nerability Assessment] 
5. What is the probability of damage? [Risk Estimation] 
6. What is the significance of the risk? [Risk Evaluation] 
7. What should be done? [Risk Management] 
 
The ISO 31000 (2009) risk management (Fig. 1) is an integrated 
process, with risk assessment, and risk treatment (or mitigation) 
in continuous communication and consultation with the con-
cerned parties, and under continuous monitoring and review. 
Due to the aleatory (inherent) and epistemic (lack of knowledge) 
uncertainties in hazard, vulnerability and exposure, risk man-
agement is actually decision-making under uncertainty. Risk 
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assessment addresses the uncertainties and uses tools to evaluate 
losses with probabilistic metrics, expected annual loss and prob-
able maximum loss. Future-oriented quantitative risk assessment 
should include uncertainty assessments, consider technical feasi-
bility, costs and benefits of risk-reduction measures and use this 
knowledge for the selection of the most appropriate risk treat-
ment strategy(ies). Fell et al 2005 made a comprehensive over-
view of the state-of-the-art in landslide risk assessment. 
 
 
Fig. 1. Risk management process (ISO, 2009). 
 
From an engineering point of view, risk is defined as the meas-
ure of the probability and severity of an adverse effect to life, 
health, environment, property or reputation. Quantitatively, risk 
is the product of the hazard times the potential worth of loss. 
Risk can be written as: 
 
 R = H  C                                           (1) 
or R = H  V  E                                    (2) 
 
where 
 R = risk 
 H = hazard 
 C = consequence  
 V = vulnerability of elements at risk 
 E = cost of total loss of elements at risk 
 
Risk assessment compares estimated level of risk with ac-
ceptance "criteria", and ranks alternatives to establish priorities. 
Establishing "acceptable" and "tolerable" risk levels can be the 
source of heated controversy. Existing target risk guidelines are 
generally based on engineering judgment and experience, and 
most of them suggest somewhat similar bounds of acceptable 
and unacceptable levels of annual probability of occurrence as 
functions of the consequence. International regulatory agencies 
have suggested risk criteria for land planning and managing 
industrial risks, e.g. the ALARP principle (Health and Safety 
Executive 1998; 1999; ANCOLD 1994; 1996). The ANCOLD 
and Whitman (1984) diagrams (Fig. 2) provide examples of 
tolerable risk for different facilities. Societal risks may also be 
expressed as curves of annual frequency of a threat (danger) 
causing fatalities, or any other consequences.  
 
Risk mitigation is the process of selecting and implementing 
measures for managing the risks. Low priority or acceptable 
risks may require no further consideration other than monitoring 
and periodic review. Other risks will require the identification 
and evaluation of treatment options and the implementation of 
mitigation measures, including monitoring and periodic review. 
Quantitative risk assessment can be used to compare the relative 













































Fig. 2. Example of proposed societal criteria 
[ANCOLD 1996; Whitman 1984] 
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There has been reluctance to use uncertainty-based approaches in 
practice, although the tools exist and are relatively easy to apply. 
However, the safety factors included in codes and standards are 
often calibrated to give a specified level of reliability, or proba-
bility of non-performance, for a set of parameter uncertainties 
appropriate for the problem at hand. In that sense, reliability 
philosophy has been in use for a long time. 
 
Hazard (or probabilistic) assessments do not replace the conven-
tional deterministic analyses; they rather complement them, 
whereby the engineer can systematize the uncertainties and their 
treatment. Engineering judgment is essential in this process, and 





The terminology used in this paper is consistent with ISSMGE’s 
2010 Glossary of Risk Assessment Terms: 
Danger (Threat): Phenomenon that could lead to damage, de-
scribed by geometry, mechanical and other characteristics. Its 
description involves no forecasting. 
Hazard: Probability that a danger (threat) occurs within a given 
period of time. 
Exposure: The circumstances of being exposed to a threat. 
Risk: Measure of the probability and severity of an adverse effect 
to life, health, property or environment. Risk is defined as Haz-
ard × Potential worth of loss. 
Vulnerability: The degree of loss to a given element or set of 
elements within the area affected by a hazard, expressed on a 




Risk has different perspectives: the individual's point of view 
(individual risk) and the society's point of view (societal risk) the  
natural scientist’s and engineer’s point of view and the social 
scientist’s point of view. Figure 3a presents an example of ac-
cepted individual risks. The value of 10
-4
/year is associated with 
the risk of a child 5 to 9 years old dying from all causes. Risk 
perception is a complex issue. Figure 3b illustrates how per-
ceived and "objective" risk can differ. Whereas the risk associat-
ed with flooding, food safety, fire and traffic accidents are per-
ceived in reasonable agreement with the "objective" risk, the 
situation is very different with issues such as nuclear energy and 
sport activities.  
 
GEO compared societal risks as described in a number of nation-
al codes and standards Figure 4 presents the comparison. Alt-
hough there are differences, the recommended risk level centers 
around 10
-4
/year for ten fatalities. It is also possible to present 
the confidence in a risk estimate rather than the above F-N 
curves. Figure 5 illustrates this with a log-log graph of risk in 
terms of expected annual fatality as a function of time, with a 
lower bound, average and upper bound risk estimate. The exam-
ple is from the study done by NGI on the risk of future tsunamis 
on the west coast of Thailand, in the aftermath of the tsunami 
disaster on 26 December 2004. 
 
 
(a) Accepted individual risk 
(Thomas and Hrudey 1997; Hutchinson  2011). 
 
 
(b) Perceived and objective  risk (Geldens Stichting 2002) 
Fig. 3. Acceptable, tolerable and perceived risk. 
 
 
MODELS FOR GEOTECHNICAL ANALYSIS 
 
A deterministic analytical model should be used when material 
properties, failure modes (mechanisms and geometries) and 
forces are known with reasonably high accuracy. A probabilistic 
analysis should be used when the uncertainty in parameters may 
govern the results of the analyses, or to establish whether differ-
ent solutions have comparable margin of safety. The probabilis-
tic analyses quantify likelihood of failure from the statistical 
variation of input parameters and model uncertainty. Probability 
functions due to parameter uncertainty (e.g. strength properties) 
and probability functions due to variations over time (e.g. hydro-
dynamic force, human intervention) need to be considered.  
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Fig. 4. Acceptable Societal risk, different countries (Ho 2009) 
 
 
Fig. 5. Confidence in risk estimate for future tsunamis on west 
coast of Thailand (Nadim and Glade, 2006). 
 
Often the stability situation for a foundation bearing capacity or 
slope is expressed by the factor of safety. The factor of safety 
can be defined as the ratio of the characteristic resisting force to 
the characteristic load (driving force) or as the ratio of shear 
stress over shear strength along a failure plane.  
 
The conventional approach does not address the uncertainty in 
load and resistance in a consistent manner. The engineer can 
account implicitly for uncertainties by choosing conservative 
values of load (high) and resistance parameters (low). The 
choice, however, is somewhat arbitrary. Engineered structures 
with nominally the same factor of safety could have significantly 
different safety margins because of the uncertainties and how 
they are dealt with. Prescription of a factor of safety to be 
achieved in all instances is not realistic and may lead to either 
over-design or under-design. 
 
Duncan (2000) pointed out that "Through regulation or tradition, 
the same value of safety factor is often applied to conditions that 
involve widely varying degrees of uncertainty. This is not logi-
cal." As shown in the simplified diagram in Figure 6, a lower 
safety factor does not necessarily correspond to a higher proba-
bility of failure, and vice versa. The relationship between factor 
of safety, probability of failure and margin of safety depends on 








One of the main reasons to place focus on model uncertainty is 
that it is often the most significant random variable in an proba-
bilistic analysis. It is often large, but can be reduced, provided 
one is willing to invest into its reduction. Model uncertainty is 
difficult to assess and can be evaluated on the basis of: 
- Comparisons of model tests with deterministic calculations 
- Expert opinions 
- Relevant case studies of "prototypes" 
- Information from the literature 
Model testing is among the best geotechnical tools to document 
the mechanism of failure, the deformation pattern, the soundness 
of a design method and the reliability of a calculation model. For 
offshore design, where prototype testing is rare, model tests have 
proven to be an excellent tool to verify and calibrate calculation 
procedures. Model tests can be 1-g models in the laboratory or in 
situ, multi-g centrifuge tests or full scale model tests. Table 5 
presents examples of successful 1-g model tests run to in the 
laboratory and in the field to evaluate the calculation models for 
the analysis of gravity foundations and tension leg platforms. For 
the tests listed, the calculation of failure loads was done before 
the model tests were run, thus providing an unbiased calibration 
of the calculated values to the measured values in the model test. 
Model tests should be used to verify the calculations made of a 
model that will be used for the prototype design. The results can 
provide the mean and coefficient of variation of the model uncer-
tainty. Lacasse et al (2013c) and Lacasse and Goulois (1989) 
provide examples of model uncertainty for several methods of 
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Table 1. Verification of calculated bearing capacities 
(Andersen et al 1988a; 1988b; 1993) 
 
Type of loading Ratio between calculated and 
measured failure loads 
Gravity foundation  
Static failure, test 1 
Cyclic failure, test 2 
Cyclic failure, test 3 





Tension leg platform 
Static failure, test 1 
Cyclic failure, test 2 
Cyclic failure, test 3 






Probabilistic Stability Assessment 
 
Nadim and Lacasse (1999), Nadim et al. (2005) and Lacasse and 
Nadim (2007) described the principles of probabilistic slope 
stability analysis with a first order reliability method (Hasofer & 
Lind 1974). To do the probabilistic analyses, one defines a per-
formance function G(X), such that G(X)  0 means satisfactory 
performance and G(X) < 0 means “failure”. X is a vector of basic 
random variables including resistance parameters, load effects, 
geometry parameters and modeling uncertainty. A possible per-
formance function for stability assessment is  
G(X) = FS – 1                                           (3) 
where FS is the factor of safety. If the joint probability density 
function of all random variables Fx(X) is known, then the proba-
bility of failure Pf is given by 
Pf  = 
L
x dXXF )(                                       (4) 
where L is the domain of X where G(X) < 0. In general, the 
above integral cannot be solved analytically. In the first-order 
(FORM) approximation, the vector of random variables X is 
transformed to the standard normal space U, where U is a vector 
of independent Gaussian variables with zero mean and unit 
standard deviation, and where G(U) is a linear function. The 
probability of failure Pf is then: 




iUi –  < 0] =  (-)                  (5) 
where P[…] means probability that …; i is the direction cosine 
of random variable Ui,  is the distance between the origin and 
the hyperplane G(U) = 0, n is the number of basic random varia-
bles X, and  is the standard normal distribution function. The 
vector of the direction cosines of the random variables (i) is 
called the vector of sensitivity factors, and  is the (Hasofer- 






Deterministic and probabilistic analyses of the pile foundation of 
a jacket the North Sea were done at two times in its lifetime: 
before platform installation, when limited information and lim-
ited methods of interpretation of the soil data were available; and 
20 years later, after a re-interpretation of the available data using 
the geotechnical improvements done in the interim, additional 
laboratory tests, a re-analysis of the loads, and an analysis of the 
installation records had been made.  
 
The structure is a steel jacket installed in 110 m of water resting 
on four pile groups. Each pile group consists of six piles. The 
piles are 60" diameter tubulars, with wall thickness of 3" and 
2.5". The soil profile consists of mainly stiff to hard clay layers, 
with thinner layers of dense sand in between.  
 
The profiles used in the analysis before installation showed wide 
variability in the soil strength, with considerably higher shear 
strength below a depth of 20 m. No laboratory tests, other than 
strength index tests, were run to quantify the soil parameters, and 
sampling disturbance added to the scatter in the results. During 
pile installation, records were made of the blow count during 
driving. These records were used later to adjust the soil profile, 
especially the depth of the stronger bearing sand layers.  
 
New samples were also taken and triaxial tests were run when a 
re-evaluation of the platform was required 20 years after installa-
tion, and when the loads on deck were to be increased. The new 
tests indicated less variability than before. The axial pile capacity 
was calculated with the API RP2A recommended practice. The 
requirement was a factor of safety of 1.5 under extreme loading 
and 2.0 under operation loading. Table 2 give examples of the 
uncertainty in the soil parameters for the initial and re-analysis. 
The probabilistic analyses used the FORM (first-order reliabil-
ity) method, where each of the uncertain soil parameters and the 
model uncertainty were taken as random variables. The results of 
the analyses are given in Table 3 and Figure 7. 
 
The newer deterministic analysis gave a safety factor (FS) of 
1.39, which is below the requirement of 1.50. However, the 
newer information reduced the uncertainty in both soil and load 
parameters. The pile with a safety factor of 1.39 has significantly 
lower failure probability (Pf) that the pile which had a safety 
factor of 1.73 twenty years earlier. Taking into account the un-
certainties showed that the pile having lower safety factor actual-
ly had higher safety margin than the pile with higher safety fac-
tor, as perceived at the time of installation. The lower uncertainty 
in the parameters led to a significant reduction in the probability 
of failure. Factor of safety is therefore not a sufficient indicator 
of safety margin because the uncertainties in the analysis param-
eters affect probability of failure. The uncertainties do not inter-
vene in the conventional calculation of safety factor.  
 
The essential component of the probabilistic estimate was ge-
otechnical expertise. Experience and engineering judgment were 
also needed. The most important contribution of probabilistic 
concepts is increasing awareness of the uncertainties and of their 
consequences. The methods used to evaluate uncertainty, proba-
bility of failure and risk level are tools, just like any other calcu-
lation tool. Reliability approaches are a complement to the con-
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ventional analyses. Some engineers may worry that judgment 
might disappear if one puts emphasis on probabilistic and risk 
concepts. This is absolutely not the case, since engineering 
judgment is a key element of the probabilistic assessment.  
 






Coefficient of variation PDF 
Initially Re-analysis  
5   5% 5% N 
 z 10% 10% N 
 su 25% 15% LN 
  10% 10% LN 
7   5% 5% N 
 z 20% 10% N 
 K 15% 10% N 
  15% 5% N 
 flim 25% 15% N 
8   5% 5% N 
 z 10% 10% N 
 su 25% 10% LN 
  10% 10% LN 
 Nc 15% 15% N 
Notation: 
  = submerged unit weight z = depth to bottom of layer 
su    = undrained shear strength (in clay)  = skin friction factor 
Nc  = bearing capacity factor  K= coefficient of earth pressure 
   = soil-pile friction = -5 (in sand)  =  friction angle (in sand) 
flim=limiting skin friction (in sand)  N/LN=normal/lognormal PDF 
PDF= probability distribution function 
 
Table 3. Pile capacity analyses of most loaded pile 
under extreme loading 
 




Before installation 1.73 0.020 
New loads, 20 yrs later 1.39 0.008 




Fig. 7. Safety factor and probability of failure for most heavily 





Modelling of Failure.  The limiting equilibrium analysis of an 
offshore gravity platform installed on uniform soft plastic clay 
was studied. As for a deterministic analysis, the probabilistic 
approach took into account the different stress conditions along 
the potential slip surface. The potential slip surfaces (Fig. 8) 
were analyzed individually and as a system with all potential 
failure surface included. Spatial variability was included.  
 
 
Fig. 8. Results of probabilistic analysis of bearing capacity of 
shallow foundation 
 
The coefficient of variation of the extreme environmental loads 
was taken as 15%, the horizontal load and moment were taken as 
perfectly correlated. The uncertainty in the soil parameters at the 
soft clay site was very low because of the exceptional homoge-
neity of the deposit. The reliability analyses indicated the follow-
ing: 
 The critical slip surface based on the highest probability of 
failure was different from the critical slip surface based on 
the results of deterministic analyses. This is seen repeatedly 
for different soil profiles and illustrates well that the uncer-
tainty in the analysis parameters plays an important role on 
the margin of safety. The discrepancy is due to the different 
uncertainties in the triaxial compression and extension 
strengths used in the equilibrium analysis. 
 Based on the results of analyses of gravity structures on both 
soft and stiff clay, model uncertainty and moment were very 
significant uncertain variables. For the soft clay, this was 
partly due to the homogeneity of the site. 
 First-order, second-order and improved second-order approx-
imations gave same probability of failure. The simpler first-




























n FS = 1.39, Pf  = 0.008
FS = 1.73, Pf  = 0.020Probability
of failure
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 Changing the probability distribution of the soil parameters 
from normal to lognormal had only a modest effect on the 
computed probability of failure. 
 
The reliability analysis including all failure surfaces resulted in a 
probability of failure equal to that of the most critical failure 
surface. (The same conclusion was true with different failure 
modes.) The most critical slip surfaces were essentially perfectly 
correlated. 
 
Cyclic Shear Strength.  Figure 9 presents the results of a Monte 
Carlo simulation optimized by Latin Hypercube sampling for the 
evaluation of the cyclic undrained shear strength, cy (taken as a 
ratio of the static undrained shear strength, su) from the strain 
accumulation procedure. The deterministic procedure is an in-
volved calculation with an implicit formulation, which is diffi-
cult to handle directly with other probabilistic tools. The method 
is presented in Andersen 2004 and Andersen et al 1988a; 1988c.  
 
For the case in Figure 9, the wave load sequence and amplitude 
in the modelled storm, and the strain contours were taken as 
random. The cyclic load amplitudes of the waves were applied in 
ascending order. The coefficient of variation, CoV, of the wave 
loads increased from 5 to 15% as the wave loads increased to the 
maximum wave. The CoV for the strain contours was taken as 
10%. The Monte-Carlo simulation, optimized with the Latin 
Hypercube sampling, provided mean, coefficient of variation and 
shape of the probability distribution for the cyclic undrained 
shear strength. The results in Figure 9 indicate a mean cyclic 
shear strength ratio of 0.77, with a CoV of 9%. For all cases 
analyzed, the mean cyclic shear strength varied little, and the 
CoV remained close to 10%. 
 
Safety Factor.  Probabilistic stability analyses were also done 
using the "mobilized friction angle" approach (an effective stress 
approach) and the "available shear strength" approach (based on 
the undrained shear strength of the soil). The two approaches 
define factor of safety with two different formulations (Fig. 10): 
either as the ratio between the undrained shear strength and the 
shear stress mobilized for equilibrium, or as the ratio between 
the tangent of the characteristic friction angle and the tangent of 
the friction angle being mobilized at equilibrium. Both analysis 
methods are allowed in codes of practice. 
 
Foundations on two soil types were considered: a contractive soil 
(loose sand, normally consolidated clay) and a dilative soil 
(dense sand, heavily overconsolidated clay). The "true" safety 
margin for the foundations for both soils should be independent 
of the method of analysis. Table 4 presents the results of the 
calculations. Depending on soil type, the computed nominal 
probability of failure differed appreciably for the two approach-
es. The probabilistic and deterministic results showed significant 
differences, especially for the dilative soil, as the uncertainties in 
the soil properties interacted differently in each approach. 
 
For the "mobilized friction angle" approach, uncertainties in 
friction angle, cohesion, pore pressure parameter and submerged 
unit weight were considered. For the "available shear strength" 
approach, uncertainties in undrained shear strength and sub-
merged unit weight were included. To "calibrate" the two meth-
ods, a model uncertainty factor should have to be included. This 
case study documents that the impression of safety through a 
safety factor alone can be erroneous because of the uncertainties 




Fig. 9. Monte-Carlo simulations of the cyclic shear strength from 
strain accumulation (Lacasse and Nadim, 2007) 
 
Both the probability of failure and the relative contribution of the 
uncertainties in the soil and the loads varied greatly depending 
on the type of analysis and type of soils. For a dilative soil, it 
was not possible to get consistent deterministic and probabilistic 
results, reflecting the important contribution of the uncertainties 




Nadim and Lacasse (1992) developed a procedure to assign an 
uncertainty range to the bearing capacity diagram of a jack-up 
structure and to calculate its probability of failure. The study was 
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motivated because jack-up structures had a history of frequent 
bearing capacity/foundation failure. The procedure also took into 
consideration the knowledge acquired during the preloading of 
the three legs of the jack-up.  
 
Fig. 10. Determination of material coefficient (safety factor) 
from two approaches for stability analysis 
 
Table 4. Results of stability analyses with "effective" (ESA) and 








Contribution to Pf 
Soil            Load 
Contractive soil 
ESA 1.9 1.7 x 10
-5
 20% 80% 
TSA 1.4 2.5 x 10
-3
 47% 53% 
Dilative soil 
ESA 1.4 6.7 x 10
-3
 79% 21% 
TSA 1.5 2.3 x 10
-6
 75% 25% 
 
Figure 11 presents the a priori and uncertainty in the interaction 
diagram for one of the spud cans. The reliability analysis includ-
ed the evaluation of the one-leg (spud can) reliability and the 
evaluation of the three-leg system reliability. The envelope inter-
action diagram included the effects of cyclic loading, consolida-
tion and strain rate on the foundation clay. Different combina-
tions of horizontal and vertical loads resulted in different critical 
failure modes. The interaction diagram was divided into zones as 
a function of the load combination and the uncertainty in the 
interaction diagram. Table 5 presents the results of the updated 
capacity as a function of the preloading. Correlation between the 
different sections of the interaction diagram was included.  
 
The results of the probabilities analyses of the three legs after 
updating of the interaction diagram are summarized in Table 6. 
The most significant random parameters on the probability of 
failure were the wave moment, the uncertainty in the reaction 
forces and model used for the modelling. Doing a system analy-
sis to produce a realistic picture of the probability of failure for 
the entire installation was important. 
 
 
Fig. 11. Deterministic and a priori interaction diagram (a) and 
updated interaction diagram (b) for spud can in clay. 
(Limit state function G = R-S; A= coordinate in space under design 
storm; B = Foundation resistance along path Pw → A). 
 
Table 5. Interaction diagram updated with preloading data (mean 
of preloading measured was 31.7 MN, with CoV of 11%). 
 












0 34.2 17 31.7 10 
7.3 30.6 14 30.3 14 
3.4 22.3 14 21.2 14 
1.9 16.8 15 16.6 15 
1.2 13.4 14 13.3 14 
0 10.1 14 10.0 14 
 
Table 6. Results of probabilistic analyses 
 
Analysis Leg Reliability 
index,  
Probability 
of failure, Pf 
FORM Leeward 3.2 7.5 x 10 
-4
 
FORM Windward 5.4 3.4 x 10 
-8
 
FORM Windward 5.4 3.4 x 10 
-8
 




The analyses showed that it was important to update the bearing 
capacity diagram on the basis of the measured leg penetration 
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loads. The system analysis clearly indicated that the predominant 
mode of failure was associated with the leeward leg, where the 
vertical loads are largest. The uncertainty in the loads was very 
significant, contributing to about 50% of the total uncertainty. 
 
SUBMARINE SLOPE UNDER EARTHQUAKE LOADING 
 
Slide Triggered by Earthquake Shaking 
 
The stability evaluation of submarine slopes under earthquake 
loading is one of the most challenging issues in offshore geohaz-
ards studies. To illustrate some of the important factors in the 
assessment of seismic response of a submarine clay slope, 
Nadim et al (1996, 2007) considered a simple, one-dimensional 
(infinitely long, 1D) slope under seismic loading.  
 
Under gravity loads only, a soil element is subjected to a stress 
in the direction normal to the slope, represented by the effective 
normal stress (σn), and a stress in the plane of the slope, parallel 
to the dip, represented by the consolidation shear stress (τc) as 
shown at the bottom of Figure 12. Earthquake motion is assumed 
to consist of shear waves propagating perpendicular to the slope. 
This consideration is analogous to the assumption of vertically 
propagating "horizontal" shear waves for level ground condi-
tions. The seismic motion results in additional cyclic shear stress 
acting on the plane of the slope in a direction oriented at some 
angle to that of the consolidation shear stress. Although the 
seismic shear stress changes direction instantaneously, most 
analyses choose the critical direction to be parallel to the dip of 
the slope (i.e., the direction of shear shaking and initial shear 
stress coincide) as shown in Figure 12. 
 
Three scenarios for triggering a submarine slide by earthquake 
shaking are possible (Biscontin et al 2004). The effective stress 
paths for a typical soil element on a potential slip surface for 
these scenarios are illustrated on Figure 13.  
 
Scenario 1 – Failure occurs during the earthquake. For this sce-
nario to be viable, the soil needs to have strong strain-softening 
characteristics and high sensitivity. The strains and pore pressure 
generated by the cyclic stresses degrade the shear strength so 
much that the slope is not able to carry the static shear stresses. It 
should be noted that even if the earthquake does not cause a 
complete failure of the slope, it might still induce large down 
slope displacements (slumping). The earthquake-induced perma-
nent displacement may be from a few cm to several m.  
 
Scenario 2 – Post-earthquake failure due to increase in excess 
pore pressure caused by upward seepage from deeper layers. 
This scenario requires a layer near the sea floor (5–10 m depth) 
with much lower permeability and lower consolidation coef-
ficient (at least 2 orders of magnitude lower) than the rest of the 
soil deposit. This scenario could occur over a time span of dec-
ades or even centuries in deep marine clay deposits.  
 
Scenario 3 – Post-earthquake failure due to creep and/or signifi-
cant reduction of static shear strength. This scenario requires that 
large cyclic and/or accumulated shear strains are experienced 
during the earthquake shaking.  
 
 
Fig. 12. Infinite slope under 1D seismic excitation (Nadim et al 2007). 
 
Factors Influencing Soil Strength Under Seismic Loading 
 
Rapid Loss of Shear Strength and liquefaction.  Soils that have 
strong strain-softening characteristics and high sensitivity are 
most susceptible to complete failure during earthquake shaking. 
Generally, liquefaction-susceptible sediments, such as loose sand 
and silt, are most vulnerable to earthquakes. The phenomenon of 
liquefaction is related to rapid build-up of the pore water pres-
sure. During the shaking, the loose sand/silt tends to compact. 
The water in the pores cannot escape quickly enough to accom-
modate instantaneously the compaction. Therefore the stresses 
are thrown on the water, increasing the pore water pressure, and 
generating upward fluid flow towards the seabed. This leads to a 
reduction in the effective stress. The upward flow gradient may, 
in the upper meters of soil, reach the critical value, reducing the 
effective stress to zero, and fluidization of the soil. This phe-
nomenon is called liquefaction. 
 
Clay Slopes under Earthquake Loading.  Most of the deepwater 
sites consist of clay or clayey sediments. The great majority of 
clays will not liquefy during earthquakes (Seed et al 1983) and 
clay slopes are thus less susceptible to developing into a slide 
due to an earthquake than sand and silt slopes, although they 
could experience significant permanent down slope deformations 
and slumping. Clays with high sensitivity may undergo severe 
loss of strength. These clays have low to moderate clay content 
(<15%), low plasticity (liquid limit <35%) and high water con-
tent (>0.9×liquid limit). This is most typical for low plasticity 
clays subjected to low consolidation stresses, clays with moder-
ate cementation and clays with a high content of ooze. 
 
A reliable estimate of the shear strength during and after the 
earthquake is important. Shear strength is affected by a number 
of factors. For example, rate effects and permanent shear stresses 
in the soil tend to increase, while cyclic loading tends to reduce 
the undrained shear strength of clayey soils.  
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Fig. 13. Stress paths for elements on slip plane for three earth-
quake-induced slope failure scenarios (Nadim et al 2007). 
 
Effect of High-Frequency Cyclic Loading on Shear Strength.  A 
series of tests were run to assess the effect of high-frequency 
cyclic loading on the static shear strength. Examples of cyclic 
tests consolidated with c/vc = 0.16, corresponding to a slope of 
about 10, are presented on Figure 14. The figure shows one 
reference monotonic test and two cyclic tests that were run with 
monotonic loading to failure after cycling. The monotonic tests 
were run strain-controlled with a rate of shear strain of 4.5%/h. 
The average shear stress a of 20.8 kPa was equal to the cyclic 
shear stress c (or 0.16 times the effective consolidation stress, 
'vc). The ordinate is h, the measured horizontal shear stress.  
 
The reason for the cyclic stress-strain curves going beyond the 
monotonic stress-strain curve is that the cyclic tests are run 
stress-controlled and that the rate of strain is significantly higher 
in the cyclic tests when they develop large strains than the rate of 
strain in the monotonic tests. The cyclic loading was stopped 
when a permanent shear strain of p = 2% was reached in the first 
cyclic test (DSS8) and when p = 12% was reached in the other 
cyclic test (DSS6). Figure 14 shows that the monotonic peak 
shear strength is reduced by the cyclic loading and that the post-
cyclic monotonic stress-strain curves rapidly join the virgin 
monotonic stress-strain curve. The post-cyclic static shear 
strength is governed by the virgin monotonic stress-strain curve 
and the permanent shear strain developed during cyclic loading.  
 
 
Fig. 14. Stress-strain behavior in monotonic, cyclic and post-
cyclic monotonic DSS tests (Andersen 2009). 
 
Effect of Cyclic Loading on Undrained Creep.  A slope subject-
ed to an earthquake will experience both cyclic and permanent 
shear strains and displacements. However, the failure mode is 
not likely to be large cyclic shear strains and displacements be-
cause of the relatively significant average shear stress in a slope. 
The cyclic loading will cause large permanent shear strains and 
displacements. The failure is not likely to occur during the peak 
earthquake load. The duration of the peak load is not long 
enough to mobilize the soil mass and the factor of safety for the 
slope drops below one only for a few seconds or fraction of a 
second. The critical mechanism is therefore likely to be devel-
opment of large permanent shear strains, leading to a significant 
reduction in the post-earthquake shear strength. The critical 
period may be some time after the earthquake, before the excess 
pore pressures generated by the cyclic loading have dissipated. 
During this period, the clay will creep under undrained condi-
tions and a delayed failure may occur. This can be simulated in 
the simple shear test and is illustrated in Figure 15. The speci-
men developed shear strains that accelerated, and failure oc-
curred after 136 minutes. A reference test verified that the test 
was not unstable after consolidation and that the creep failure 
was induced by the cyclic loading: the reference test did not 
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develop noticeable shear strains. The reader is referred to 
Lacasse et al 2013 for additional examples.  
 
The failure mode for a submarine clay slope subjected to earth-
quake loading can therefore be delayed undrained creep. The 
seismic stability of a submarine clay slope may be assessed by 
first running a dynamic analysis to determine the permanent 
shear strain due to the design earthquake. The post-cyclic shear 
strength may be determined as the shear stress on the monotonic 
stress-strain curve at a shear strain equal to the calculated per-
manent shear strain. This shear strength should be reduced by 
15%-25% to account for (i) the post-cyclic stress-strain curve 
reaching the virgin curve at a somewhat larger strain than the 
permanent strain developed during the earthquake and (ii) the 
time to failure being significantly longer than in the standard 
time to failure for monotonic laboratory tests (1-2 h).  
 
 




Nadim and Locat (2005) suggested a staged approach for off-
shore geohazards: 
 Do a first-pass assessment of the geohazards.  
 Carry out a detailed evaluation of all available geo-data. 
 Do a second assessment of the geohazards. 
 Depending on the outcome of the second assessment, do a 
final detailed assessment of the most critical geohazards 
identified. 
The assessment of geohazards (first step) requires close commu-
nication among marine geologists, geotechnical engineers, geo-
physicists, and seismologists. 
 
Estimation of Annual Probability of Slope Failure.  In some 
situations, the annual probability for a slope instability may be 
estimated from the geological evidence, e.g. observed slide fre-
quency, geological history, geophysical investigations, and radi-
ocarbon dating of sediments; while in other situations analytical 
simulations, like the FORM approach mentioned above, are 
more suitable. Ideally, both approaches should be employed.  
 
If the trigger for inducing a slide is identified, then the annual 
probability of slope instability can be established by evaluating 
the conditional probability of failure for different return periods 
of the trigger. The conditional probabilities are then integrated 
over all return periods to obtain the unconditional failure proba-
bility. Calculation can be simplified by using the approximation 
suggested by Cornell (1996) or the procedure in this paper. 
 
When the triggering mechanism is not obvious, the probabilistic 
slope stability calculations provide an estimate of failure proba-
bility for static conditions. It is not straightforward to relate the 
calculated "timeless" failure probability to a failure frequency. 
Nadim et al (2003) and Lacasse and Nadim (2007) developed 
several ideas for quantifying the annual probability of slope 
instability: 
 Bayesian approach with Bernoulli sequence 
 Statistical model for failure frequency 
 Interpretation of static failure probability as the instanta-
neous hazard function 
 Interpretation of computed static failure probability in 
Bayesian framework 
 
The first two approaches are purely statistical and do not involve 
any geotechnical calculations. Their input is the frequency of 
slide events (or lack thereof), which may be based on observa-
tions or inferred from geological evidence, for example dating of 
slide sediments. The third approach combines the calculated 
probability of static slope failure with the slide frequency esti-
mated from the geological evidence. The approaches are de-
scribed in Nadim et al 2003; Lacasse and Nadim 2007 and 
Lacasse et al 2012; 2013a.  
 
Static failure probability in a Bayesian framework.  The interpre-
tation of the probability of static slope failure computed with 
FORM or other methods like the Monte Carlo simulation, is not 
straightforward. The fact that the slope is standing today implies 
that the current factor of safety is greater than one. The annual 
probability of failure becomes the likelihood that the current 
factor of safety will fall below one during next year. The current 
factor of safety is unknown, but its distribution can be computed 
(distribution from FORM analysis, but truncated to reflect the 
fact that the slope is stable today). This interpretation is basically 
a Bayesian updating procedure where the a-priori information is 
that FS  1. The updated (or posterior) distribution of the factor 











                 (6) 
The slope will fail during the next year only if its current value 
of safety factor is such that, with the given rate of deterioration, 
it will fall below unity during one year. Using this approach for 
the submarine slope mentioned in the previous section, Nadim 





 (depending on the assumptions made). 
Additional research is needed to formalize the interpretation of 
the annual failure probability on the basis of the "timeless" fail-
ure probability obtained by FORM, or a similar method. 
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Calculation Procedure.  The procedure was developed through a 
number of joint-industry research projects, and offshore geohaz-
ards studies in the North Sea, the Caspian Sea, the Black Sea, 
offshore Indonesia, and the Gulf of Mexico. The procedure has 
as objective to account for uncertainties in all steps of the as-
sessment and utilize the available information to come up with a 
rational estimate of the annual probability of earthquake-induced 
slope failure. The different steps of the analyses are as follows 
(Nadim 2011; Lacasse et al 2013a): 
1. Identify the critical slopes and establish the geometry and 
mechanical soil properties for the slope in a probabilistic 
format. 
2. Using Monte Carlo simulation or FORM, establish the cumu-
lative distribution function (CDF) of the static, undrained 
safety factor for the slope. 
3. Using Eq. 8, update the CDF for static safety factor. 
4. Do a probabilistic seismic hazard assessment for the site of 
interest and identify representative acceleration time histories 
for return periods of interest.  
5. Establish a dynamic response model for the slope and do 
earthquake response analyses for at least two return periods. 
Use a Monte Carlo simulation to account for the uncertainties 
in the soil properties and earthquake motion characteristics. 
The main output parameter is the maximum earthquake-
induced shear strain along the potential failure surface. 
6. Through a special laboratory testing program or literature 
survey establish the range of reduction in the post-earthquake 
undrained shear strength as function of maximum earth-
quake-induced shear strain. 
7. Using the results of Steps 5 and 6, establish the distribution 
function for the shear strength reduction factor.  
8. Using results of Steps 3 and 7, establish the CDF for the post-
earthquake static safety factor. The conditional probability of 
failure (given that the earthquake with the specified return 
period has happened) is the CDF value at FS equal to 1. 
9. The annual failure probability is the sum (integral) of all 
conditional failure probabilities for a specific return period, 
divided by that return period.  
10. The analyses above must be done for at least two return peri-
ods, one above and one below the return period that contrib-
utes most to the annual failure probability (iteration may be 
required). With the results, establish a model with load and 
resistance that matches the computed failure probabilities at 
the return periods of interest. (The most usual load parameter 
is the annual peak ground acceleration (PGA), with typically 
an exponential or Pareto distribution; if PGA is the repre-
sentative load parameter, the slope resistance should be spec-
ified as an acceleration parameter; a log-normal distribution 
is then often assumed. 
11. Using the simplified analogue in Step 9, estimate the proba-
bility that the resistance of the slope is less that the applied 
load (e.g. the annual PGA). This value is the estimate of the 




The application of the proposed methods is illustrated with a 
case study with a slightly overconsolidated clay slope in a mod-
erately active seismic area. This is an actual case, but where the 
site location and other details are still confidential.  
 
The computed and the updated CDF function for the static, un-
drained safety factor for the slope of interest are shown on Fig-
ure 16. The CDF function before updating was estimated numer-
ically using the FORM approximation. Lacasse et al (2013a) 
present additional results. Figure 17 shows the histograms of the 
shear strength reduction factors obtained from the simulations 
and a fitted distribution function to the data.  
 
 
Fig. 16. Factor of safety prior to  and  after10,000-yr earthquake. 
 
 
Fig. 17. Earthquake-induced shear strength reduction factors. 
 
To estimate the annual probability of slope failure, a simplified 
model similar to Cornell’s (1996) was developed. A limit state 
function with the following format was defined for the seismic 
resistance of the slope: 
G = Seismic resistance – Earthquake load = Aresist – Amax       (7) 
In the limit state function defined by the above equation, Amax is 
the annual peak ground acceleration representing the earthquake 
load and Aresist is the resistance of the slope to earthquake loading 
described in terms of the peak acceleration that would cause 
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slope failure. The parameter  describes the variability of the 
peak ground acceleration at a given return period. 
 
The resistance parameter Aresist was assumed to have a lognormal 
distribution. The parameters of the lognormal probability distri-
bution for Aresist were calibrated to match the conditional failure 
probabilities obtained for the 3,000-year and the 10,000 year 
earthquake events. Aresist was found to a mean value of  = 0.216 
g and standard deviation of  = 0.112 g.  
 
The limit state function in Eq. 7 with the parameters given in 
Table 7 and the FORM approximation were used to estimate the 
annual failure probability. The following results were obtained: 
Annual reliability index: annual =   3.38 
Annual probability of failure: Pf,annual =   3.710
-4 
 
Table 7. Random variables used for the evaluation of annual 





Mean value Standard deviation 
Amax Pareto 0.0077 g 0.0106 g 
 Normal 1.0 0.116 
Aresist Lognormal 0.217 g 0.112 g 
 
THE STOREGGA SLIDE 
 
The Storegga slide at the Ormen Lange site is one of the largest 
known submarine slides on earth. The head wall of the slide scar 
is 300 km long. About 3500 km
3
 failed from the shelf edge, 
sliding out as far as 800 km in water depths as deep as 3000 m 
(Fig 18). The failure started probably some 200 km downhill and 
crept rapidly upwards as the headwalls failed and slipped down 
towards the deep ocean floor. At the same time, the mass move-
ment generated a huge tsunami that reached the shores of, among 
others, Norway, Scotland and the Shetland Islands. The sizable 
gas resources at Ormen Lange are located in the scar left by the 
giant underwater slide, beneath a relatively chaotic terrain creat-
ed by the slide 8,200 years ago. 
 
The Storegga slide was the subject of a large integrated study for 
the safe development of the deepwater gas field at the Ormen 
Lange site on the North Atlantic continental margin. In addition, 
the SEABED project was launched by the partners of the Ormen 
Lange field (Norsk Hydro ASA, A/S Norske Shell, Petoro AS, 
Statoil ASA, BP Norge AS and Esso Exploration and Production 
Norway AS) with the aim of improving the knowledge of the 
seafloor morphology, the shallow geology, and the potential 
hazards and risks associated with the area. The project is an 
excellent example of the interweaving of research and practice 
and the cooperation of academia and industry. The reader is 
referred to Solheim et al (2005a; b); Kvalstad et al (2005 a;b); 
Kvalstad (2007); Nadim et al (2005b) and the special issue of 
Marine and Petroleum Geology (Volume 22, No 1 and 2) for an 
account of the slide and a summary of the studies by the parties 
involved.  
 
The design questions that needed to be answered were: (1) Can a 
new large slide, capable of generating a tsunami, occur again, 
either due to natural processes or through the activities required 
for the exploitation of the field; and (2) Can smaller slides be 
triggered on the steep slopes created by the Storegga slide, and if 
so, would they endanger the planned offshore installations to 
recover the gas resources. 
 
Fig. 18. The Storegga Slide, 8,200 years BP 
 
Based on the studies in the SEABED project, the triggering and 
sliding mechanics used the observed morphology and the ge-
otechnical characteristics of the sediments. The average slope 
angle was only 0.6 to 0.7°. The geotechnical properties indicated 
shear strengths far above those required to explain a failure. 
However, the geophysical observations, especially seismic re-
flections profiles in the upper parts of the slide scar, provided 
strong indications that the failure developed retrogressively (Fig. 
19). Using the retrogressive slide model as working hypothesis, 
several scenarios of sources of excess pore pressures were con-
sidered, including (1) earthquake-induced shear strain generating 
excess pore pressures, (2) melting of gas hydrates releasing me-
thane gas and water, (3) shear strain-induced contraction with 
pore pressure generation and strain-softening, and (4) rapid dep-
osition. The studies concluded that the most likely trigger was an 
earthquake destabilizing a locally steep slope in the lower part of 
the present slide scar. The retrogressive process continued up-
slope until conditions improved with stronger layers associated 
with the consolidation of the shelf sediments during glacial 
times. Once the instability started, excess pore pressures already 
generated during rapid sedimentation under the last glaciation 
were an important contribution to the large slope failure (Bryn 
et al 2005). 
 
Fig. 19. Bathymetry and seismic profiles in the upper headwall 
at Ormen Lange (Kvalstad et al 2005a) 
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Excess pore pressures still exist at the site, as demonstrated by in 
situ monitoring (Strout and Tjelta 2005). The excess pore pres-
sures recorded in several locations and at several stratigraphic 
levels support the depositional role in the Storegga failure pro-
posed by Bryn et al 2005.  
 
The seismic studies by Bungum et al 2005 showed that strong, 
isostatically induced earthquakes along the mapped faults at the 
site and stress transfer induced earthquakes had occurred earlier. 
They also suggested that multiple strong earthquakes with ex-
tended duration most likely occurred and could be the potential 
trigger for the Storegga slope instability. 
 
The tsunami generating potential of submarine slides is today 
widely recognized. The tsunami studies indicated that the field 
observations of tsunami run-up fitted will the retrogressive slide 
model with a velocity of 25-30 m/s, and short time lags of 15-20 
s between individual slide blocks (Bondevik et al 2005). The 





Figure 20 presents an illustration to explain the sedimentation 
process leading to failure, which supports the hypothesis that 
major slides have occurred in the Storegga area on a semi-
regular basis, related to the glacial/interglacial cyclicity.  
 
 
Fig. 20. Deposition and sliding processes (Bryn et al 2005) 
 
The bottom illustration in Figure 20 (denoted 1) gives the last 
interglacial with deposition of soft marine clays. The middle 
illustration (denoted 2) presents the last glacial maximum (LGM) 
with the ice at the shelf edge and deposition of glacial sediments. 
The top illustration (denoted 3) presents the topography after the 
Storegga slide. Dating (BP, before present) is given for each 
illustration. The illustration denoted 3 also shows two older slide 
scars that were filled with marine clays. The slip planes were 
found in seismically stratified units of hemipelagic deposits and 
the thick infill of stratified sediments indicate a late glacial to 
early interglacial occurrence of slides (Bryn et al 2005). 
 
The soft fine-grained hemipelagic deposits were rapidly loaded 
by coarser glacial deposits during the short glaciations period. 
Excess pore pressures were a destabilizing factor. The hypothe-
sis of strong earthquake shaking was retained to start the under-
water slide. After the earthquake initiated the movement, the 
slide continued retrogressively by back-stepping up the slope 
where the pore pressures were already high. The mass movement 
was further facilitated by the release of support at the toe.  
 
The stability of the present situation at Ormen Lange was evalu-
ated by Kvalstad et al 2005b. The conclusion was that an ex-
tremely strong earthquake would be the only realistic triggering 
mechanism for new submarine slides in the area. The annual 
probability of third party damage was also investigated and 
found to be extremely low (Nadim et al 2005b). The project 
team therefore concluded that developing the Ormen Lange gas 
field could be done safely. 
 
In general, a geohazards assessment should include the uncer-
tainties in the parameters in Figure 21 (represented by probabil-




Fig. 21. Geohazards assessment methodology (Lacasse et al 2013a) 
SF= factor of safety, Pf = probability of failure)  
 
CALIBRATION OF MATERIAL FACTOR 
 
Ensuring adequate reliability under severe loading conditions is a 
necessary consideration for offshore platforms, and the safety 
margin depends on the uncertainty in the parameters entering the 
Green glacial sediments 
Red slide deposits 
Blue marine sediments 
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analyses, in addition to the model uncertainty. The design engi-
neer attempts to compensate for the uncertainties by introducing 
an appropriate "factor of safety" in design. There will always be 
a finite probability that the forces of the environment can cause 
damage, or the total collapse, of an offshore structure. Defining 
the level of finite probability that is tolerable is the challenge. 
 
The API RP2A (RP2GEO) (2007) and ISO 19902 (2007) guide-
lines included four CPT-methods for calculating the axial capaci-
ty of piles in sands in 2007. The designer is required to select an 
appropriate safety factor when using the newer design methods. 
The difficulty lies in deciding which safety factor will ensure a 
consistent safety level for different soil conditions and pile di-
mensions. The axial capacity of tubular steel piles for offshore 
installations is frequently based on the Recommended Practice of 
the American Petroleum Institute (API). To evaluate the required 
material factor, Lacasse et al (2013b) quantified the probability 
of failure was for piles designed with the different methods. A 
calibration of the required material factors for a target probabil-
ity of failure of 10
-4
/yr was also carried out.  
 
Load and Material Factor 
 
In a deterministic design, the load and material factors are ap-
plied as follows: 
[l stat • Pstat + l env • Penv
100-yr
]  =  Qult/m 
where 
l stat  = Load factor on static load 
Pstat = Selected characteristic static load 
l env = Load factor on environmental load 
Penv
100-yr 
= Selected characteristic environmental load (typically 
the environmental load with 100-yr return period, 
Penv
100-yr
, is used as the characteristic load) 
Qult
 
= Selected deterministic ultimate axial pile capacity
 
m = Material factor  
 
Procedure to Evaluate the Reliability of Axial Pile Capacity 
 
The definition of failure has a significant impact on the failure 
probability that comes out of the reliability analysis. In general 
for pile design, one can use one of two failure criteria: (1) the 
capacity of the most heavily loaded pile is exceeded, or (2) the 
capacity of the entire pile system is exceeded after full load redis-
tribution among the piles (i.e. fully utilized pile system). Criterion 
(2) with the most heavily loaded pile group was used. The relia-
bility analyses of the axial pile capacity methods included the 
following steps: 
1) Establish the mean and standard deviation and the proba-
bility density function of the soil parameters. Evaluate 
correlation among parameters and include if applicable. 
2) Establish model uncertainty for the different pile capacity 
calculations methods used. 
3) Establish the effect of cyclic loading on the axial pile ca-
pacity and determine whether the piles in compression or 
tension are governing the design. 
4) Develop a model for the statistics of the static (perma-
nent) and environmental loads on the top of the piles. 
5) Do deterministic analysis of the axial pile capacity. 
6) Do probabilistic analyses of axial pile capacity and obtain 
the probability density function of the ultimate capacity. 
7) Calculate the annual reliability index and probability of 
failure by combining the statistical description of the 
loads and the probabilistic description of the ultimate axi-
al pile capacity. 
 
Lacasse et al (2013b; c) presented the detailed analyses for the 
two case studies. Table 8 lists the axial pile capacity methods 
considered: the API method, the NGI-05 method, the ICP-05 
method and the Fugro-96/05 method.  
 
Table 8.  Axial pile capacity methods included in the study. 
 
Method Methods in clay Methods in sand 
API API-RP2A, 20th ed. 1993 API-RP2A, 20th ed. 1993 
NGI-05 Karlsrud et al 2005 Clausen et al 2005  
ICP-05 Jardine et al 1996; 2005  Jardine et al 2005; API 2011/2007 




Examples of the statistical profiles and the results of the calibra-
tion of the material factor are presented herein. Figures 22 and 
23 show the key shear strength parameter for each case. Figure 
22 compares the mean and standard deviation of the undrained 
shear strength with the characteristic shear strength selected for 
design (p'o is the in situ effective vertical stress). The values are 
also compared with the results of piezocone tests, where the cone 
resistance (qc-values) was converted to the triaxial compression 
undrained shear strength (su
C




Figure 23 illustrates the statistical analyses of the cone resistance 
qc, with mean ± one standard deviation for Case Study B. The 
single points with qc>100 MPa give the maximum capacity of 
the cone penetrometer and do not reflect the actual in situ re-
sistance. To partly account for this, a lognormal PDF was used to 
describe the cone resistance statistically (Lacasse et al 2013c). 
 
Calibration of material factor 
 
Approach. The calibration of the required material factor was 
done for a target annual probability of failure of Pf = 10
-4
. This 
target is an example, other targets could have been selected. The 
calibration procedure used (1) the results of the deterministic 
analyses giving the ultimate axial pile capacity with the charac-
teristic strength parameters (Qult char); (2) the probabilistic anal-
yses giving the PDF of the ultimate axial pile capacity (Qult mean); 
and (3) the results of the probabilistic analyses combining the 
statistical description of the loads and the probabilistic descrip-
tion of the ultimate axial pile capacity and giving the annual 
probability of failure, Pf.  
 
The calculation included nine steps. Figure 24, showing a two-
dimensional simplification of the overlap of the probabilistic 
ultimate pile capacity (Qult) and probabilistic environmental load 
(Penv), illustrates the process. The PDF for the Penv was taken as 
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the same for Pf1 and Pf2 in the calculations. The calibration of the 
material factor should be consistent with the definition of charac-
teristic design load and the characteristic soil strength profile 
used for the calculation of axial pile capacity. Steps 5 to 9 ex-
plain the calibration for different ultimate capacities. 
1) Obtain the scaling factor required to shift the PDF from the 
calculated annual Pf to the target Pf of 10
-4 
/yr; 
2) Find the ultimate axial pile capacity, Qult mean, for the target 
Pf with the scaling factor; 
3) Find the load on the pile (static, Pstat, + environmental, Penv⃰) 
at the design point for the target Pf; 
4) Find the ultimate axial pile capacity at the design point, 
Qult ⃰, for the target Pf; 
5) Calculate the required material factor for Qult mean for Penv⃰ 
(design point); 
6) Calculate the required material factor for Qult char for Penv⃰ 
(design point); 
7) Calculate the load factor on Penv at the design point, l env⃰ 
(relative to the 100-yr characteristic load); 
8) Calculate the required material factor for Qult mean for a load 
factor, l env, set to 1.3 (l stat is 1.0); 
9) Calculate the required material factor for Qult char for a load 
factor, l env, set to 1.3 (l stat is 1.0). 
 
 
Fig. 22. Mean and standard deviation of the undrained shear 
strength compared with su
C
 from CPTU tests, Case Study A 
(Lacasse et al 2013b). 
 
Fig. 23. Mean and characteristic cone resistance, Case Study B 




Figure 24.  2D simplification of the PDFs of the environmental 
load Penv and ultimate pile capacity Qult (Lacasse et al. 2013b). 
 
Results.  Tables 9 and 10 present the calibration of the material 
factor for Case Studies A and B. The first column gives the pile 
capacity method used; the second column, the characteristic and 
mean ultimate capacity from the RELPAX analyses. The next six 
columns present the results for the capacities and the derived 
 Paper No. SOAP-6              17 
material factor and load factor for the target annual probability of 
failure of 10
-4
/yr. Two material factors were obtained: one for the 
axial pile capacity calculated with the mean undrained shear 
strength (Qult mean), and one for the axial pile capacity calculated 
with the characteristic undrained shear strength (Qult char). The 
last two columns in the tables give the required material factor 
for a load factor on the environmental 100-yr load set to 1.3. The 
load factor at the design point was less than 1.3. In design how-
ever, the material factor would be expected to be associated with 
a load factor of 1.3 on the 100-yr environmental load.   
 
Table 9.  Results of calibration of material factor for Case Study A (pile length 90 m) (Lacasse et al 2013b). 
 
Method 
RELPAX Pf = 10
-4




























API 124.7 151.7 0.671 101.8 57.5 1.77 2.46 1.12 1.64 1.35 
NGI-05 100.1 120.5 0.762 91.8 61.2 1.50 1.25 1.26 1.48 1.23 
ICP-05 133.5 136.8 0.706 96.6 59.2 1.63 1.59 1.19 1.55 1.52 
Fugro-96/05 117.5 114.6 1.077 123.4 52.6 2.34 1.34 1.25 1.49 1.31 
 
Table 10.  Results of calibration of material factor for Case Study B (pile length 26 m, except for API, 51 m) (Lacasse et al 2013b). 
 
Method 
RELPAX Pf = 10
-4




























API 83.3 106.9 1.676 179.2 48.2 3.72 2.90 0.70 3.09 2.41 
NGI-05 87.9 83.5 0.976 81.5 50.4 1.62 1.56 0.92 1.44 1.40 
ICP-05 148.4 162.0 0.569 92.2 48.9 1.89 1.73 0.83 1.63 1.50 
Fugro-96/05 155.3 160.9 0.644 103.6 48.1 2.15 2.08 0.78 1.84 1.77 
 
 
The calibrated material factors apply to those sites only, and 
cannot be transferred to other sites without site-specific reliabil-
ity studies. The calibrated material factor varies with the method 
of axial pile capacity used. The factors reflect the varying influ-
ence of the uncertainty in the soil parameters and of the model 
uncertainties for the different methods. The results present gen-
erally consistent trends, where the axial pile capacity methods 
predicting higher axial pile capacity require a higher material 
factor to ensure that the probability of failure is less than 10
-4
/yr. 
The calibrated material factor depends on the strength parame-
ters used in the equilibrium equation to do the deterministic 
analyses, and should be used only with the strength parameters it 
was derived from. 
 
Using the NGI-05 pile capacity method for Case Study A, the 
required material factor is 1.50 if the mean undrained shear 
strength is used, and the required material factor is 1.25 if the 
characteristic undrained shear strength (Fig. 22) is used. The 
load factor,l env, was then 1.26. If the load factor is increased to 
1.3, the material factors reduce to 1.48 and 1.23. With the ICP-
05 method, which gave significantly higher capacity than the 
NGI-05 method, the calibrated material factor was 1.5 with a 
load factor of 1.3. With the Fugro-96/05 method, a material 
factor of 1.3 seems appropriate with a load factor of 1.3. Similar 
trends are seen for the pile capacity methods investigated for 
Case Study B. Because of the larger model uncertainties in the 
axial pile capacity calculations, the calibrated material factors 
are higher than in Case Study A.  
For Case Study B and using the NGI-05 pile capacity method, 
the calibrated material factor is 1.62 if the mean soil parameters 
are used, and the calibrated material factor reduces to 1.56 if the 
characteristic parameters selected for design are used. The load 
factor, l env, was then 0.92. If the load factor is set to 1.3, the 
respective material factors reduce to 1.44 and 1.40. With the 
ICP-05 method, which gave higher capacity than the NGI-05 
method, the calibrated material factor was 1.6 with a load factor 
of 1.3. With the Fugro-96/05 method, a material factor of 1.8 
seems appropriate with a load factor of 1.3.  
 
SUMMARY AND CONCLUSIONS 
 
The offshore petroleum industry is developing oil and gas fields 
in deep and ultra-deep waters. The assessment of the risk associ-
ated with offshore geo-hazards is a necessity. One of the most 
challenging problems faced by geo-scientists in risk assessment 
is the quantification of the annual probability of failure for sub-
marine slopes. There are uncertainties in the input parameters 
required for the analyses and these uncertainties must be dealt 
with in a quantitative manner. The main challenges for improved 
hazard and risk assessment are not only related to the probabilis-
tic or risk analysis aspects, but also to reducing the uncertainties 
in the geo-aspects of the problem.  
 
The paper illustrated some of the applications of probabilistic 
analyses to geotechnical offshore practice, in the context of a 
risk assessment. The methods for assessing hazard can vary from 
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approximate estimates to more complex calculations. The exam-
ples included piled foundations, jack-up structures, gravity foun-
dations and underwater slopes. The applications demonstrate that 
probabilistic analyses complement the conventional determinis-
tic safety factor and/or deformation-based analyses, and contrib-
ute to achieving a safer and optimum design. Most importantly, 
the probabilistic and reliability approach can be used to calibrate 
the material factor in order to ensure a uniform margin of safety 
for an offshore installation.  
 
The probabilistic approach adds value to the results with a mod-
est additional effort. Engineering judgment is necessary to 
achieve reliable results in hazard and risk assessment. The pro-
fession will gain by implementing more systematically than 
before probabilistic-based thinking and risk-based methodology.  
 
With the changes in climate and the occurrence of more extreme 
natural phenomena than before (e.g. storms), one cannot use only 
data from existing experience to estimate safety, but one should 
also events and triggers that are not covered by e.g. 100- or 
1000-year return periods. Another keyword is the importance of 
multi-disciplinarity, and the need for increased awareness of 
complementarity, meaning wider expertise teams than before 
when evaluating hazard and risk to society, and the need to doc-
ument cost-effectiveness of different measures. Hazard and risk 
assessment present an opportunity to look at the bigger picture 
and seek out designs that meet not just some arbitrary idea of 
acceptable/tolerable risk but an unknown risk.  
 
The engineer should concentrate on exploiting the good features 
of the approach. It is increasingly important to make transparent 
the approach and to inform on the hazard and risk and the tech-
nology available to reduce hazard and risk. Probabilistic analyses 
are part of hazard and risk assessment and of the decision-
making that brings risk down to an acceptable level. 
 
As contributor to the profession’s goals of documentation, conti-
nuity, high quality and innovation, and the ever increasing re-
quirement of globalization, hazard and risk assessment and the 
management of risk serve as communication vehicle among geo-
specialists and other sectors of expertise. Hazard and risk as-
sessment and management also contribute to sustainable devel-
opment of the engineered environment by pointing the direction 
for optimum solutions, mitigating natural and anthropogenic 




The paper presents the results obtained by many colleagues from 
NGI and our research partners. The authors are thankful for their 
contribution in analyzing and describing the case studies.  
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